Abstract: Coherent pulse interleaving implemented in planar waveguide technology is presented as a compact and robust solution to generate high repetition rate frequency combs. We demonstrate a 10 GHz pulse train from an Er-doped femtosecond fiber laser that is coupled into waveguide interleavers and multiplied in repetition rate by a factor of 16. With thermal tuning of the chip elements, we achieve optical and RF sidemode suppression levels of at least −30 dB.
15. M. Kawachi, "Silica waveguides on silicon and their application to integrated-optic components," Opt. Quantum
Electron. 22(5), 391-416 (1990 
Introduction
Frequency combs have become an enabling technology for a vast range of applications.
Combs with wide frequency spacing -at repetition rates of 10 GHz or higher -exhibit the advantage that their individual frequency lines can be accessed with current filter and modulator technology to efficiently shape the frequency spectrum. Thus, high repetition rate femtosecond oscillators are attractive for optical arbitrary waveform generation [1] , highresolution sampling and frequency metrology [2] . Furthermore, frequency combs have successfully opened a pathway to improve the calibration accuracy of astronomical spectrographs [3] [4] [5] : To explore extra-solar planets, changes in the radial velocity in the presence of planets are detected as Doppler shifted starlight. These shifts are measured and compared to a reference source spanning a wide bandwidth from the visible to the near IR. By utilizing frequency combs with their inherent high wavelength accuracy and long-term stability, the calibration resolution can be significantly enhanced. For the frequency comb to efficiently match the resolving power of spectrographs, comb spacings of 10 GHz or higher are required. Currently, fundamental frequency combs at lower repetition rates are therefore externally filtered with Fabry-Perot cavities to obtain the desired multi GHz spacing and to suppress the extraneous comb lines by ~-25 dB [4, 5] . However, any non-uniform intensity distribution, like asymmetric amplitudes of the filtered sidemodes in the frequency comb, gets enhanced in any nonlinear broadening process to obtain a wide-band frequency comb. This leads to a center of gravity frequency shift that can result in systematic wavelength offsets, limiting the detection resolution and distorting the absolute stellar radial velocity values. Therefore, a long-term stable, wide-spaced frequency source with high wavelength accuracy and good sidemode suppression is essential to identify planets beyond the resolving range of current state-of-the-art spectrographs. Optical frequency combs can also be utilized to generate low-noise microwave signals through optical frequency division [6] [7] [8] . By detecting the optical pulses with a widebandwidth photodiode, an electric pulse train is generated consisting of single tones at the laser repetition rate and its harmonics up to the cut-off frequency of the detector. The phasecoherence of the optical lines enables a RF signal train with good stability, low noise and high spectral purity. After subsequent filtering of the desired RF frequency line, the obtained microwave source can outperform current state-of-the-art low-phase microwave oscillators. Diddams et al. [9] demonstrated an improvement in the shot-noise-limited signal-to-noise performance of higher harmonic microwave signals by external optical filtering with a FabryPerot cavity before detection on the photodiode. Thus, for the filtered 10 GHz signal, 10 dB signal strength could be gained compared to the 10 th harmonic of the fundamental 1 GHz source. Instead of a Fabry-Perot cavity to filter the signal, which requires a high finesse for sharp transmission peaks, interleavers based on Mach-Zehnder interferometers present an elegant alternative. These interleavers can be implemented in planar waveguide circuits with a small and compact footprint. As such, they have distinct advantages over free-space, alignment sensitive set-ups like Fabry-Perot cavities, offering long-term reliability, robustness and easy portability.
Interleaver filters based on planar waveguide technology have consistently evolved over the years, in particular for dense wavelength division multiplexed optical fiber systems. To satisfy the growing demand for more information capacity, fiber coupled and planar waveguide optical interleavers have been utilized to increase the channel spacing. These interleaving filters were primarily designed for wide-bandwidth pass-bands by cascading multiple stages and optimizing the coupling coefficient ratios at each individual interleaver stage for operating frequencies around 50-100 GHz [10] [11] [12] [13] . A good overview over different interleaver implementations can be found in Cao [14] and Kawachi [15] , who outlines the various silica waveguide technology components. Waveguide interleavers can be directly coupled to existing fiber platforms or integrated in the same fabrication process with emerging silicon photonics, thus providing a compact solution with robust performance metrics. In addition, the waveguide chip fabrication is scalable. For this work, we combine interleavers with thermal phase shifters to explore coherent pulse interleaving. By cascading several interleaver stages, higher multiples of the initial repetition rate are achieved.
To realize optical time division multiplexing systems with transmission speeds above 1 Tbit/s, femtosecond pulses are used in combination with different fiber based techniques [16] . Recently, Nakazawa demonstrated a 32-times interleaved femtosecond pulse for 2.56 Tbit/s/ch polarization multiplexed transmission with reduced polarization-mode dispersion impairments in a differential quadrature phase-shift keying configuration [17] . However, to the best of our knowledge, planar waveguide interleavers for coherent pulse interleaving of femtosecond pulses have not been extensively explored in literature so far. We have previously reported an integrated waveguide system consisting of a 500 MHz waveguide laser combined with a two-stage interleaver to produce a 2 GHz fs-pulse output train [18] . However, the maximum RF sidemode suppression was limited to 15 dB due to fabrication tolerances in the coupling ratios.
In the following, we present a hybrid system of an Er-doped fiber laser combined with silica waveguide interleavers. The goal of this research is to demonstrate that an integrated waveguide device can be utilized for coherent pulse interleaving around 1550 nm and for scaling the repetition rate to 10 GHz. The interleavers are designed specifically to incorporate a thermal tuning mechanism, so that fabrication tolerances can be compensated, which otherwise limit the sidemode suppression. We show that this combination of recent progress in mode-locked fiber lasers [19] [20] [21] with waveguide interleavers enables us to scale the repetition rate of a fundamentally mode-locked femtosecond laser reliably by a factor of 16 with a good sidemode suppression of at least 30 dB. At the same time, we demonstrate a compact footprint and robust system to obtain a 10 GHz coherent pulse train. The following results underline the promising potential of this technology for various applications in science and engineering.
Interleaver design and set-up
Waveguide interleavers were designed for an implementation in planar waveguide technology as illustrated in Fig. 1(a) : In each interleaver stage, the input signal is divided by a directional coupler into two pulse trains, one of which experiences a differential delay τ 1 = 1/(2f rep ) of half the initial pulse train spacing 1/f rep , before both waveguide arms are re-combined. By incorporating two interleavers with respective delay line lengths of d 1 = c/(n·τ 1 ) and d 2 = d 1 /2 (with c the speed of light and n the refractive index) on one interleaver chip, the input repetition rate is quadrupled. This first interleaver chip, consisting of a 2-stage interleaver, is cascaded with a second interleaver chip featuring another 2-stage interleaver with respective delay line lengths of d 1 /4 and d 1 /8. Thus, in four interleaver stages on two chips, the repetition rate is multiplied overall by a factor of 16.
To obtain a phase-coherent output pulse, the repetition rate and filter spacing have to be matched and the absolute positions of the frequency lines have to coincide with the filter notches. Thus, for coherent pulse interleaving with a good sidemode suppression ratio, it is crucial that the delay line lengths are matched to the input repetition rate f rep . This is achieved by implementing post-fabrication tuning mechanisms to compensate for any fabrication tolerances. Thermal heaters were incorporated on top of each interleaver arm for tuning of the delay lines to the desired length. In addition, the directional couplers are fabrication sensitive since the coupling efficiency depends on the effective coupler length and the gap between the two waveguide arms. To obtain exact phase delays and an overall 50/50 splitting ratio in the directional couplers, an additional coupler with a thermally tunable waveguide section L ≈2 mm was included for each Mach-Zehnder interferometer stage. The induced relative phaseshifts by thermal tuning of the heaters in these Mach-Zehnder interferometers with up to 50 mW applied heater power, counterbalanced nominal deviations of ± 5% from 50% in the coupling ratio.
As host material, passive Ge-doped 4 µm x 4 µm silica waveguides with a 10 µm silicon oxide cladding on a silicon substrate were selected for low loss and low dispersion waveguides around 1550 nm. The high index contrast of 1.5% enabled tighter bending radii for the waveguides without introducing significant mode losses. A folded design layout was pursued to obtain a compact chip, in particular of interest for the interleaver stages with longer delay lines (d 1 = 16 cm for the first interleaver stage from 625 MHz to 1.25 GHz). Two interleaver stages were integrated on each chip with a footprint of 19.4 mm x 10.5 mm. Two different interleaver chips, resulting in a 4-stage interleaver, were fabricated to overall multiply the repetition rate by a factor of 16 from 625 MHz to 10 GHz. To minimize coupling losses to a permanently attached fiber array with regular SMF-28e fiber, mode-converters adjusted the mode size through waveguide tapering. The heater connection pads were wirebonded to a printed circuit board so that each heater could be individually controlled through a digital-to-analog converter board.
A soliton mode-locked fiber laser served as input source to the waveguide interleaver chip, see Fig. 1 (b). The linear fiber laser cavity consisted of 12.5 cm long Er-doped gain fiber (Liekki Er80-8/125 with anomalous dispersion of −20 fs 2 /mm) that was imaged onto an inhouse fabricated semiconductor saturable Bragg reflector (SBR) [19] [20] [21] . A thin-film polarizer in the free-space section served as a polarization discriminating element to ensure a constant output polarization and to suppress periodic polarization rotation of vector solitons [22] . The modular approach with an Er-doped fiber laser source provided the distinct advantage that the repetition rate, input polarization and pulse duration could be adjusted and matched to the interleaver filters. The pulse was amplified in two isolated stages of Er-doped amplifiers, which were optimized in their design for maximum gain and minimum amplified spontaneous emission contribution. The amplifiers incorporated Er-doped normal dispersion gain sections (Liekki Er110-4/125). They were pumped in a counter-propagating scheme with launched pump powers of 500 mW and 400 mW. With an external fiber polarization control unit, the input polarization into each interleaver chip was optimized to the preferred waveguide mode. The free-space section in the fiber laser cavity allowed tuning the laser repetition rate around 625 MHz, so that the laser frequency lines could be matched to the interleaver filter response and the device performance could be optimized. Further fineadjustments to the optical transmission function were made afterwards by thermal tuning of the delay lines. Mach-Zehnder interferometer to adjust the coupling ratio in the directional couplers and a thermally tunable delay line. Each interleaver chip comprises two interleaver stages to quadruple the input repetition rate. By cascading two interleaver chips with the respective delay line lengths to obtain a 4-stage interleaver, a total multiplication by a factor of 16 of the repetition rate can be achieved. (b) Experimental set-up: A saturable Bragg reflector (SBR) mode-locked 625 MHz Er-doped fiber laser is pumped by two polarization combined semiconductor pump diodes through a wavelength division multiplexer (WDM) [19] . The output is amplified in two isolated (isolator ISO) stages before it is coupled into two cascaded waveguide interleaver chips.
Characterization

Optical spectrum results
The Er-doped fiber laser was stably mode-locked at a fundamental repetition rate of 624.5
MHz. An output power of 4.6 mW was obtained for 420 mW of launched pump power from two polarization combined pump diodes. The optical spectrum of the Er-doped fiber laser, shown in Fig. 2(a) , featured a 3-dB full-width half-maximum (FWHM) bandwidth of 6.1 nm. Assuming soliton propagation in form of sech-shaped pulses, this optical bandwidth corresponds to 420 fs transform limited pulses. The laser output, after passing a 1550 nm isolator, was amplified in two isolated Er-doped amplifier stages from 3 mW to 82 mW before being coupled into the waveguide chips. In both amplifiers, gain narrowing and spectral shaping due to nonlinearities and self-phase modulation could be observed. This resulted in additional spectral side-lobes as seen in Fig. 2 (a) (dotted gray line). The second amplifier stage limited the optical bandwidth further, so that the output spectrum of the interleaver featured only a 4 nm 3-dB bandwidth, cf. Fig. 2 (a) (red line). Nonetheless, preamplification was favorable to post-amplification of the interleaver output pulse train; otherwise the sideband suppression got distorted due to four-wave mixing and nonlinear amplification. The optical modes with a spacing of ~0.08 nm in the interleaver output spectrum, as illustrated in Fig. 2(b) , show only limited contrast due to the 0.1 nm resolution of the optical spectrum analyzer used. Though not fully resolved, these optical modes confirmed the phase-coherence of the 10 GHz output pulse train. The time-domain oscilloscope traces of the laser output in Fig. 2 (c) and the 2-stage interleaver output at 2.5 GHz in Fig. 2(d) demonstrate the good signal stability. The pre-and post-pulses in Fig. 2(d) can be explained by detector ringing and ghost images were likely caused by cable artefacts. The Ge-doped silica waveguides were low-loss with around 0.01 dB/cm, resulting in propagation losses of 0.3 dB for the longest arm in the 4-stage interleaver. Interleaver losses of 3 dB due to power division into two arms were encountered in every stage, resulting in a 12 dB loss for a 4-stage interleaver. With standard coupling losses of 1.5 dB between the chip and fiber array, theoretically expected losses for the overall waveguide system amounted to approximately 18 dB. However, the 10 GHz interleaver output signal with 150 µW of output power (for 82 mW input power), indicated significant additional excess losses in the interleaver system, featuring up to 27 dB of total losses. Optical time domain reflectometry measurements established the occurrence of high front-end reflections. Thus, these high excess losses of 9 dB were partially attributed to high input facet and surface scattering losses, polarization coupling losses, and inherent waveguide losses for pulsed operation in this initial waveguide fabrication run. 
Optical transmission
To characterize the interleaver chips and their performance independently from the fiber laser pulses, the optical transmission of each individual interleaver stage was measured with a tunable, continuous wave (cw) laser. That way, the linear chip losses and the expected suppression levels could be determined: A tunable, high precision laser source (TLS, Agilent 81640A, 2 mW output power) was swept with 0.1 pm step size resolution over different wavelength ranges. For each measurement, the input polarization of the TLS into the interleaver and the thermal tuning state were adjusted. In the following, results centered at 1560 nm are presented. For the first interleaver stage from 625 MHz to 1.25 GHz (corresponding to 10 pm wavelength spacing for the free spectral range), the measured maximum suppression for the optical transmission indicated a value of at least 27.3 dB with thermal tuning, cf. Fig. 3(a) . However, these results were highly polarization sensitive and depended explicitly on the applied heater power due to additionally introduced waveguide birefringence and subsequent polarization conversion with thermal tuning. Given the different degrees of freedom in the system, it proved challenging to optimize the input polarization sufficiently at the filter minima (down to −35 dBm) so that only one waveguide polarization was guided. Thus, by monitoring the power for one input wavelength, only states close to a local minimum could be found. Simulation of the transmission characteristics indicated that even with small deviations in the coupling ratio, overall better optical suppression should be obtainable. At the same time, we inferred from the modeling that a source resolution and stability of better than 0.2 pm was required to measure optical suppression levels better than 30 dB for the first interleaver stage, which featured the narrowest dips compared to the other interleaver stages. Therefore, the actual depth of the notches in the optical transmission was most likely not fully detected due to TLS wavelength jitter and superimposed polarization states. Figure 3 (b) depicts the optical transmission for two interleaver stages without thermal tuning. Maximum suppression levels of 34.2 dB were recorded. In this particular state, the maximum optical suppression obtained from the first interleaver was measured to be 21.8 dB.
In addition, the measurement confirmed high excess losses, also in cw operation, for the waveguide chips. Modeling the optical transmission for the 2-stage interleaver system and optimizing the different coupling coefficients to match the experimental results, we concluded that, without any thermal tuning, fabrication tolerances caused deviations from the ideal 50%-50% splitting ratio by ± 2-3% (consistent with ± 5% expected variations). Figure 3(c) shows the simulated transmission with ± 2-3% offsets in the coupling coefficients as a continuous blue curve with maximum suppression levels similar to the measured values shown in Fig. 3(b) . To relate the transmission curves to the expected optical suppression for a femtosecond pulse train, red dots in Fig. 3(c) mark the optical suppression for frequency lines at multiples of the repetition rate. Over the displayed wavelength range of 80 pm, corresponding to 10 GHz, the waveguide dispersion (measured anomalous dispersion with −5 fs 2 /mm) shifted the optical transmission curve slightly towards longer wavelengths: The time delay accumulated in the delay lines got modified by group delay dispersion. Thus, over a given wavelength interval, a walk-off between the frequency lines and the minima in the transmission curve occurred, as visible in Fig. 3(c) . Additionally, fabrication tolerances in the delay lines enhanced this effect. In this instance, deviations in the delay line lengths were assumed to be fairly small, on the order of 0.0025·λ = 3.9 nm. Due to anomalous dispersion, the fabrication length offsets could partially be compensated for by reducing the repetition rate. However, over a large bandwidth the filter notches and frequency lines eventually became significantly misaligned. This is shown in Fig.  3(d) where for the first interleaver stage the maximum and minimum values at harmonics of the repetition rate (at 623 MHz) are plotted. The decreasing sidemode suppression due to the delay line length tolerances and group delay of the pulses accumulated in the longer waveguide arm is clearly visible. This process is periodic in wavelength and in this particular case a good suppression was reached again within an 8 nm interval.
While the impact of group delay can be clearly detected in the frequency domain, temporal broadening due to group velocity dispersion of the pulse itself can be neglected. For a FWHM pulse duration of 420 fs, the total accumulated dispersion in the 4-stage interleaver system amounts to −1500 fs 2 (based on the measured waveguide dispersion of −5 fs 2 /mm), corresponding to a negligible total dispersive phase shift of ~0.02 rad. Theoretical modeling confirmed that no significant pulse stretching occurs (< 0.5% in pulse duration). Moreover, for the considered frequency comb applications, the absolute pulse duration itself is only of secondary nature as long as the desired spectral bandwidth is covered. 
RF characterization
The RF spectrum measurement provided an evaluation of the combined fiber and interleaver system, whose performance metrics are of interest for low-noise microwave generation. The RF data, as illustrated in Fig. 4 , were taken for a fundamental repetition rate of the fiber laser at 624.5 MHz, where the suppression was found to have been maximized. The RF-domain interleaver output at 2.5 GHz is presented in Fig. 4(a) and Fig. 4(b) . Without thermal tuning, the sub-harmonics were suppressed in the RF domain by 14.3 dB for the immediately adjacent sidebands while the maximum suppression amounted to 22.4 dB. Significant improvement was achieved by thermal tuning as presented in Fig. 4(b) : The maximum suppression increased to 55.8 dB for one line, where the interleaver response and input frequency directly lined up in a transmission minimum. Over the frequency span up to 12 GHz, the minimum sidemode suppression amounted to at least 30.5 dB. In the thermally tuned state, the sidemode suppression decreased with higher harmonics. This can partially be explained by the limiting impact of wavelength dependent coupling coefficient offsets and waveguide dispersion. As the RF signal is the sum of all convoluted frequency lines, wavelengths at the edges of the optical spectrum can increase the amplitude, since the suppression is not as optimized in those regions. The 2.5 GHz pulse train was then transmitted through the second interleaver chip which multiplied the repetition rate to 10 GHz. The initial minimum RF suppression around 15.4 dB for the adjacent sidemode, as shown in Fig. 4(c) , was significantly enhanced in the thermally tuned system, as demonstrated in Fig. 4(d) . Here, a minimum sideband suppression of 31.3 dB was recorded. Due to the low output power obtained from the interleaver chips, the maximum sidemode suppression of 36.3 dB was limited by the detector noise floor. Therefore, it is possible that the actual maximum suppression was greater than the measured value. For these measurements the RF suppression was maximized by tuning of the heaters that primarily adjust the coupling ratio. Thermal tuning of the delay lines mostly influenced the optical suppression of each individual line, as discussed in the following section. 
Optical heterodyne beat measurements
To confirm the phase-coherence of the interleaved pulses and to gain insight into the achievable optical suppression, optical heterodyne beat measurements between the interleaved pulse train and a narrow-linewidth tunable laser source were performed.
An optical heterodyne system, as shown in Fig. 5(a) , was employed to determine the optical suppression for the individual optical modes in a frequency comb, in particular of interest for frequency metrology applications: The interleaver output was combined with a single frequency narrow-bandwidth line of a stable tunable laser whose polarization was matched to the interleaver output with an external polarization control unit. The signal was recorded by a photo-detector InGaAs EOT ET-3500F. An electronic signal analyzer was the preferred instrument of choice (over a RF power meter) to not only record the amplitude but also the frequency position of the beat notes.
The measured heterodyne optical beat is determined by the respective electric field strengths of the tunable laser source E TLS and the interleaver E TLS ·E Int . Thus, the detected beat note in the RF spectrum analyzer is proportional to the optical interleaver power and the measured suppression corresponds directly to the optical suppression. As the cw transmission plots described in Section 3.2 record the transmitted optical power through the interleaver device, both measurements provide an independent evaluation of the optical suppression.
To detect the heterodyne beat note, two variations of the measurement set-up were pursued. In the first configuration, the photo-detected signal was low-pass filtered with a cutoff frequency at 450 MHz, as illustrated in the schematic in Fig. 5(a) . During each measurement, the beat notes with two neighbouring optical lines were captured, if the TLS line was positioned accordingly. For the first interleaver stage, shown in Fig. 5(b) , we found that the optical suppression featured a minimum value of 31 dB at 1560 nm. However, even though the measurement sensitivity of the instrument was optimized to the signal input power, the lower optical beat note disappeared in the noise floor. To obtain the optical suppression for subsequent lines and to examine two or more cascaded interleavers, multiple measurements were made while the tunable laser wavelength source was swept over the desired wavelength range. In Fig. 5(c) , three such optical heterodyne measurements for two cascaded interleaver stages were superimposed. The measurements were each taken with 5 pm spacing (corresponding to the initial 624.5 MHz repetition rate) so that neighbouring lines were resolved. The best suppression measured 34.2 dB for the immediate adjacent sidemode, whereas the other two optical lines were suppressed by 22.5 dB. By choosing these wavelength spacings, the optical heterodyne beat corresponding to the previous measurement was recorded again. As identical amplitudes for the same beat note were detected, the consistency of the measurements was confirmed over the recorded interval. However, due to the number of measurements required, this method is only suitable for an interleaver analysis with few stages. To maximize the optical suppression information obtained within one measurement, a second measurement configuration with a wide-band frequency approach (without the lowpass filter in Fig. 5(a) ) was pursued. In this set-up, the beat notes between the single wavelength laser and all optical interleaver lines were detected simultaneously. Results for the 2-stage interleaver at 2.5 GHz are shown in Fig. 6 . Here, the minimum suppression ratio varied between 25.2 dB and 29.9 dB. In this particular state, the system was optimized by tuning the coupler and delay line heaters for a symmetric suppression of the sidemodes. This more uniform power distribution obtained is in particular attractive for astrocomb calibrations. During each measurement the harmonics of the repetition rate lines (plotted in grey in Fig. 6 ) were detected together with the optical heterodyne beats (highlighted in red). As the repetition rate signal and its harmonics were given by a convolution of all optical lines, they possessed significantly more power (up to 25 dam). Thus, the sensitivity towards the low-power optical beat notes had to be reduced for the higher power RF lines not to saturate the detector. This can partially explain the difference in maximum sidemode suppression of 29.9 dB compared to the first measurement result of 34.2 dB. In addition, each state depended highly on the thermal tuning and input polarization. The good optical suppression over the measurement interval indicates that after thermal tuning the delay line lengths were well matched to the frequency comb lines, as otherwise the suppression would have significantly worsened with higher harmonics.
The optical suppression can be evaluated with this measurement for subsequent stages. Repeating this measurement for the whole 10 GHz interleaver stage showed that maximum suppression levels around 31 dB could be obtained for individual lines. 
Discussion
Different performance metrics of thermally tunable planar waveguide interleavers were analyzed. The optical transmission measurements confirmed expected device performance and provided insight into how well the fabrication met the target design. It is extremely beneficial to have such a verification that is independent of the fiber oscillator operation and any challenges that come by adding complexity to the system. In addition, these optical suppression values correspond directly to the optical heterodyne beat. While the maximum optical cw transmission suppression for the first interleaver stage amounted to 26.5 dB, the heterodyne beat measurement inferred a value of at least 31 dB. As discussed already in Section 3.2, for the first interleaver stage with narrow minima, the full depth of the notches might not be detected due to the limited wavelength resolution and precision of the TLS. The variation between the two measurements can additionally be explained by different thermally tuned states. For subsequent stages at GHz operating frequencies, the maximum measured optical suppression for the two cascaded interleaver stages from the transmission and heterodyne beat measurement both independently verified corresponding suppression levels, in one case of 34.2 dB, whereas for another operating point the optical suppression was measured to be 29.9 dB. This underlines further how critical the thermal tuning is and how small offsets in the delay lines can affect the optical suppression levels significantly.
The measured harmonics of the repetition rate in the RF spectrum are composed by a convolution of all optical frequency lines in the frequency comb; including the lower power wings of the spectrum ( ± 15 nm from 1558 nm) that do not necessarily feature an optimized sidemode suppression. The coupling coefficients deviate more strongly from the ideal splitting ratio in this regime since the directional couplers are wavelength dependent and dispersion can limit the suppression of some individual lines. In addition, phase effects can cancel or enhance certain harmonics of the repetition rate and the delay line lengths might not be matched as well as for the center part of the wavelength spectrum. Therefore, it is crucial to measure the optical and the RF suppression individually.
One limiting factor on the sidemode suppression over a wide bandwidth range was established to be waveguide dispersion and delay line offsets which have to be controlled to within a small fraction of the wavelength. Minimizing waveguide dispersion further or incorporating dispersion compensating designs could reduce this impact. In addition, scaling the fundamental repetition rate of the fiber oscillator to higher repetition rates in the GHz regime allows decreasing the delay length line in the interleaver, which in turn reduces the accumulated dispersion and improves the accuracy of the fabricated delay line length. Furthermore, multiple stages of the same interleaver can be cascaded or the same device double-passed to obtain better overall suppression levels. In addition, current efforts are underway to optimize the interleaver design and the fabrication to reduce the excessive losses in the interleavers. As the excess losses stem mostly from the high front-end reflections of the waveguide interleaver chip, improving the coupling from the fiber array to the chip can reduce the excess losses. Moreover, polarization conversion losses can be minimized by integrating design options to guide only one single polarization.
For a first demonstration of this technology, a free-running fiber laser source was used. Since the laser source was well isolated, the observed repetition rate drifts were below 0.3 kHz over a time span of 10 minutes and fluctuations in the carrier-envelope phase shift were expected to have been even smaller. Therefore, these drifts were not considered to impose limitations on the measurement results. With more optical power available in each line, a fully stabilized laser source and reduced interleaver excess losses, we are optimistic that even better performance metrics can be achieved for generating wide-spaced frequency combs.
Conclusion
We demonstrated a compact system of a repetition rate tunable fiber laser combined with four interleaver stages to multiply the repetition rate by a factor of 16, from 625 MHz to 10 GHz. An amplified femtosecond pulse train was coupled from the fiber oscillator source into interleavers defined in planar waveguide geometry. The optical and RF sidemode suppression of the frequency lines was analyzed. The minimum RF suppression of 30 dB up to 12 GHz was found to be partially limited by waveguide dispersion and delay line length offsets. In the optical domain, minimum suppression levels around 30 dB were confirmed by heterodyne beat measurements. Thus, we demonstrated the promising potential of thermally tunable interleavers in planar waveguide geometry for coherent pulse interleaving for applications in astrocomb calibration, frequency metrology and low-noise microwave signal generation.
